Silicon-plasmonics enables the fabrication of active photonic circuits in CMOS technology with unprecedented operation speed and integration density. Regarding applications in chip-level optical interconnects, fast and efficient plasmonic photodetectors with ultrasmall footprints are of special interest. A particularly promising approach to silicon-plasmonic photodetection is based on internal photoemission (IPE), which exploits intrinsic absorption in plasmonic waveguides at the metal-dielectric interface. However, while IPE plasmonic photodetectors have already been demonstrated, their performance is still far below that of conventional high-speed photodiodes. In this paper, we demonstrate a novel class of IPE devices with performance parameters comparable to those of state-of-the-art photodiodes while maintaining footprints below 1 μm 2 . The structures are based on asymmetric metal-semiconductormetal waveguides with a width of less than 75 nm. We measure record-high sensitivities of up to 0.12 A/W at a wavelength of 1550 nm. The detectors exhibit opto-electronic bandwidths of at least 40 GHz. We demonstrate reception of on-off keying data at rates of 40 Gbit/s.
INTRODUCTION
Chip-level optical interconnects are key to overcoming communication bottlenecks in high-performance computing systems [1] . To achieve high data rates and energy-efficient operation, the corresponding transmitters and receivers must be seamlessly co-integrated with CMOS electronics. This is currently impeded by the vastly different footprints of electronic and photonic components: whereas state-of-the-art field effect transistors can be fabricated [2] with a half-pitch of less than 14 nm, typical dimensions of photonic devices amount to tens or even hundreds of micrometers. Plasmonics enables a large reduction of these dimensions by exploiting charge-density oscillations that are strongly confined to metal-dielectric or metal-semiconductor (MS) interfaces [3] , thereby leading to short carrier transit times and ultrasmall device capacitances. In combination with the large conductivities of metals, any RC limits are hence shifted to very high frequencies, which leads to unprecedented operation speeds [4] . At the transmitter side, ultracompact plasmonic modulators operating at data rates of 40 Gbit/s and beyond have been demonstrated recently [5, 6] . For the receiver, however, miniaturized plasmonic photodetectors with technically relevant performance still remain to be shown. Previous demonstrations cover photodetectors that exploit passive plasmonic nanostructures for concentrating the incident light to an ultra-small area of an absorbing semiconductor such as germanium [7, 8] . In these approaches, measured sensitivities (responsitivities) are typically less than 0.001 A/W due to the limited efficiencies and the intrinsic absorption losses of plasmonic light concentrators. In an alternative approach, the intrinsic absorption of metal can be directly used for photodetection. This is accomplished by internal photoemission (IPE), which exploits photon-assisted transmission of hot carriers across a potential barrier at MS interfaces [9, 10] . Propagation of surface plasmon polaritons (SPPs) in plasmonic waveguides is ideally suited for realizing such devices, as the plasmonic mode is strongly localized at the MS interface and, hence, perfectly concentrates the light to the region where absorption leads to the highest generation rate of photo-electrons. The potential of IPE has been demonstrated in several different plasmonic devices, including resonant plasmonic antennas or nanocavities [11] [12] [13] and metal-coated silicon waveguides [14] [15] [16] [17] .
However, the sensitivity of IPE-based photodetectors has so far been limited by the width of the potential barrier that optically excited hot carriers need to overcome. Highest reported sensitivities amount to only 0.019 A/W at a wavelength of 1550 nm [16] more than 1 order of magnitude below those of state-of-the-art waveguide-integrated germanium PIN or avalanche photodiodes [18] [19] [20] . Moreover, the bandwidths of these devices are limited to 7 GHz by relatively long drift regions of more than 2 μm.
In this paper we introduce and experimentally demonstrate a novel approach to exploiting internal photoemission for photodetection. For brevity, we name the resulting device a PIPED, an acronym for plasmonic internal photoemission detector. Our PIPED combines record-high sensitivities of more than 0.12 A/W at 1550 nm with large optoelectronic bandwidths well above 40 GHz. We prove the viability of this concept by receiving on-off keying (OOK) data at a rate of 40 Gbit/s. To the best of our knowledge, this is the first demonstration of data transmission at technically relevant bit rates using plasmonic IPE detectors. This superior performance is due to a nanoscale silicon drift region of only 75 nm width, sandwiched between two metal layers with distinctively different light absorption characteristics and Schottky barrier heights. This leads to an ultranarrow potential barrier and to short transit times under the influence of an external bias voltage. Further simulations and measurements imply that with an optimized coupling approach the sensitivities can be increased at least by a factor of 2.
OPERATION PRINCIPLE
The energy band diagram of the Au-Si-Ti photodetector junction is sketched in Fig. 1 . The junction forms a metalsemiconductor-metal (MSM) light waveguide that guides SPPs along the z direction, which is perpendicular to the drawing plane of Fig. 1 . The silicon core has nanoscale dimensions of the order of w 100 nm and constitutes a potential barrier between the metals, thus impeding any charge transfer. The silicon core is weakly p-doped with an acceptor concentration of n A ≈ 10 15 cm −3 . The SPPs dissipate their energy mainly at the Si-Ti interface, because titanium has a larger magnitude of the imaginary part of the complex permittivity ϵ ϵ 1 − jϵ 2 than gold at a wavelength of λ 1550 nm (ϵ Ti 1.6 − j30.56 [21] , ϵ Au −112.7 − j6.85 [22] ). The SPP absorption length along the z coordinate is below 1 μm (see Fig. S1 in Supplement 1), so the junction length is not truly important and can be chosen in the range L 1…20 μm, depending on the requirements for the dark current. The absorbed plasmonic wave with angular frequency ω creates hot electrons in the metal within a few nanometers from the interface. The maximum carrier energies exceed the Fermi energy by ω [ Fig. 1(a) ]. These hot electrons have an increased probability of crossing the potential barrier at the metal-semiconductor interface either by thermionic emission or by tunneling, where the tunneling probability depends on the height of the potential barrier and on its width at a given carrier energy [23] . This process is known as internal photoemission [10] . The barrier heights are assumed to be Φ Au 0.82 eV [24] and Φ Ti 0.62 eV [25] for the Au-Si and the Si-Ti interfaces, respectively. This establishes a built-in potential difference across the silicon core of about φ bi 0.2 V in thermal equilibrium [ Fig. 1(a) ]. Without external bias, φ bi impedes electron photoemission from the highly absorbing titanium into the silicon layer, and no significant current flow can be measured. A positive potential exceeding U φ bi is required at the gold electrode to enable photoemission from the titanium layer, which is on zero potential [see Fig. 1(b) ]. The silicon layer is much smaller than the depletion layer width of either MS interface due to the weak doping [26] . Hence, the external voltage dominates the voltage drop across the silicon layer for large bias, and a constant electric field is present, indicated by a linear increase of the conduction and the valence band energies W C and W V along y. The effective barrier width w 0 at the Si-Ti interface is consequently reduced, and thus the transmission probability of hot electrons is increased. For a silicon core width of w 75 nm and an applied voltage of U 3 V (or U 1 V), the effective barrier width for electrons at the Fermi level in titanium is reduced to w 0 17 nm (or w 0 58 nm). The effective barrier width for hot electrons is even smaller and progressively decreases to zero for increasing electron energies, leading to a much larger sensitivity than measured with other IPE-based photodetectors. Furthermore, the large electric field inside the silicon enables high drift velocities. The device structure of the detector is sketched in Figs. 2(a) and 2(b). Near-infrared light is launched from a silicon photonic strip waveguide into the SPP waveguide junction. The silicon is tapered down from a width of 400 nm in the photonic waveguide to a width of w 75…200 nm at the MSM junction. The tapered section has a length of 0.55 μm and converts the photonic mode to a plasmonic mode [27] . The silicon core of the detector is wider at its base than at its top as a consequence of the fabrication process. A SiO 2 hard mask used for etching the silicon core and a metal top cover are not removed after fabrication. The metal thicknesses on either side of the MSM waveguide are t 40 nm. As an example, Figs. 2(c) and 2(d) show devices with w 200 nm and a device length of L 1 μm. Thus, the active parts of the device consume less than 1 μm 2 of chip area. To assess the limitations of the operating speed, we consider several effects: The hot-electron lifetime in metals [28] is only a few hundred femtoseconds, which defines the time interval in which transitions from the metal to the semiconductor can occur. The carrier drift time through a 75 nm thick semiconductor layer takes only about 750 fs, assuming a saturation drift velocity [26] of 10 7 cm∕s. Similarly, the capacitance of the MSM junction can be estimated based on an equivalent parallel-plate capacitor C across the semiconductor region. With a metal height of 275 nm, a device length of L 5 μm, and a silicon width of w 75 nm, a capacitance below C 2 fF is obtained. This value does not take into account the capacitance of the contact pads. Based on this, an RC time constant of only 100 fs can be estimated by assuming a resistor with R 50 Ω in the bias circuit, as depicted in Fig. 2(a) . Hence, all these estimates lead to bandwidths of at least several hundred gigahertz, indicating that compact IPE-based detectors have the potential to overcome the existing speed limitations of conventional photodetectors.
DETECTOR FABRICATION
The fabrication of asymmetric MSM junctions with a silicon width below 100 nm is challenging, because a short circuit between the electrodes must be avoided. We use electron-beam lithography and isotropic silicon etching with SF 6 to create the silicon core. Details of the fabrication process are given in Supplement 1; see Fig. S2 there. As a first step, a hard mask is structured by using thermally oxidized silicon. By masking and etching, the SiO 2 is removed outside the plasmonic section, leaving a "tabletop" structure above. The silicon sidewalls are selectively metallized by directional evaporation virtually normal to the sidewalls. During metallization, the hard mask prevents a short circuit (see Supplement 1 for details), and silicon widths of 75 nm become feasible. For testing, we fabricate a set of silicon-on-insulator (SOI) chips with different Au-Si-Ti junctions, establishing various PIPEDs with lengths of L 1…20 μm and silicon core widths of w 75…200 nm.
PIPED CHARACTERIZATION
In the following, we report on the results obtained from four different PIPEDs, which we denote PIPED #1…#4. An overview of the physical device properties and the measured performance parameters is given in Table 1 . For the sample design and in the fabrication process we covered a large region of the parameter space, and we optimized the devices for various design goals: The ultranarrow detector cores of PIPEDs #1 and #2 were used to demonstrate the high responsivities and the linearity of the device. PIPED #3 is most suitable for polarization contrast measurements, as both polarizations couple with a similar efficiency to the core for this detector width (see Section 4). PIPED #4 exhibits the longest carrier drift length and hence was used to demonstrate the high opto-electronic bandwidth, even for the worst case of a large device. Not all experiments could be done with all devices, as they were driven to their limits and partially damaged during the experiments by applying high bias voltages, or they deteriorated by oxidation of the (not yet protected) titanium. 
Research Article
Oxidation can be inhibited by coating the samples with an oxygen-blocking layer [29] . The diffraction gratings we used for light coupling excited the photonic waveguide mode with a dominantly horizontal electric field component (see Section 3 in Supplement 1). The total current through the device I comprises a dark current I d depending only on the bias voltage U , and a photocurrent I p . The photocurrent increases linearly with the incident optical power P, and the sensitivity S I p ∕P depends on the applied voltage such that I p SU P, which is in contrast to conventional PIN photodiodes. Dark current I d and photocurrent I p of PIPED #1 (w 75 nm, L 5 μm) are characterized at a wavelength of 1550 nm. The total current I I p I d is measured as a function of laser power P and external DC-bias voltage U (positive polarity from gold to titanium). Figure 3(a) shows the mean of two subsequently measured I − U characteristics of a detector without and with illumination at a power of P 310 μW. Both the gold and the titanium electrodes are capable of charge carrier emission into the silicon core. Depending on the sign of the bias voltage U , the resulting current can be positive or negative. As expected, the magnitude of the photocurrent is significantly larger for a positive bias U > φ bi , which facilitates photoemission across the small potential barrier for electrons generated at the highly absorbing Si-Ti interface. The left-hand side inset of Fig. 3(a) shows a semi-logarithmic display of photocurrent I p and dark current I d , and the inset to the right displays the sensitivity S. For U > 1 V, the sensitivity increases exponentially with increasing bias voltage. No saturation is observable. In particular, a positive photocurrent of I p 38 μA is measured for an optical input power of 310 μW and a bias voltage of U 3.25 V. This corresponds to a sensitivity of S 0.12 A∕W, which is more than a factor of 6 higher than the sensitivity other IPE-based photodetectors [13, 16] . Furthermore, the sensitivity is of the same order of magnitude as values typically measured for comparable state-of-the-art waveguide-based SiGe devices [18] [19] [20] . The steep increase of S I p ∕P for bias voltages φ bi < U < 1 V is caused by the fact that the transmission probability of electrons across the Ti-Si interface is sensitive to the distinct shape of the potential barrier. A detailed quantitative model is the subject of ongoing investigations. Figure 3(b) shows the total current I I p I d SU P I d as a function of the optical input power for the element PIPED #2 (w 75 nm, L 5 μm). The parameter is the bias voltage. The linear increase of current with optical power indicates that the measured photocurrent is due to internal photoemission [9] and not to two-photon absorption in silicon [30] .
To examine the influence of carrier multiplication by the impact ionization in silicon, we consider the dominant ionization coefficient α i for electrons. For the maximum bias U 3 V (or at U 1 V), the electric field strength is E U ∕w 3 V∕75 nm 40 V∕μm (or E 1 V∕75 nm 13 V∕μm). The corresponding electron ionization coefficient in silicon amounts to α i 3 μm −1 (or α i 10 −3 μm −1 ) [26] . This leads to ionization probabilities of α i w 0.23 (or α i w 0.075) inside the silicon core. The resulting avalanche multiplication factor M 0 expα i w 1.25 (or M 0 1.08) is only slightly larger than 1, which shows that avalanche multiplication cannot contribute significantly. This finding is supported by comparing photocurrent I p to dark current I d [see left inset of Fig. 3(a) ]. The logarithmic plot of the photocurrent is essentially a straight line for bias voltages 1 V < U < 3.25 V, while the dark current characteristic has two distinct slopes in the regions 1 V < U < 2 V and 2 V < U < 3.25 V. This cannot be explained with avalanche multiplication, which acts alike on thermally generated carriers and on photogenerated carriers. Note that the currentvoltage characteristics do not follow conventional formulas for MSM-type devices due to the narrow width of the junctions. A detailed quantitative model is the subject of ongoing investigations.
OPTICAL COUPLING AND PHOTOCURRENT POLARIZATION DEPENDENCE
The coupling of optical fields to plasmonic MSM-type waveguides is strongly polarization dependent [3] . Hence, the photocurrent is expected to show a strong contrast between situations in which optical fields that have dominantly vertical or dominantly horizontal electric field components are absorbed. Only horizontally polarized optical fields can couple to a pure MSM junction with vertical metallic side walls. To explore the polarization dependence of the photocurrent, we cleaved an SOI chip with PIPED #3 (w 150 nm) and accessed the photonic waveguides from the chip edges using polarization maintaining fibers. The slow polarization axis of the fiber is aligned with the surface normal of the photonic chip. The orientation of the linear polarization coupled into the polarization maintaining (PM) fiber is then controlled with a half-wave plate; see Supplement 1 for experimental details. The half-wave plate is rotated, corresponding to a full 360°revolution of the incoming electric field vector. The linear polarization state at the fiber input is characterized by an angle Θ between the polarization direction and the slow axis of the PM fiber. Figure 4(a) shows the photocurrent, which is measured as a function of this angle Θ. Note that, due to the strong birefringence of the PM fiber, only the photocurrents at polarization angles of Θ 90°× n, with n 0; 1; 2; …, belong to linear polarization states at the chip input, whereas unknown elliptical polarization states are obtained for any other Θ. Angles of Θ v 0°, 180 correspond to a dominant vertical electric field component E y , and angles of Θ h 90°, 270°correspond to a dominant horizontal electric field component E x . The photocurrents I v for vertical electric field alignments at angles Θ v are nearly 2 times larger than the currents I h for horizontal electric field alignments at angles Θ h . This is surprising at first sight, and needs a detailed investigation of the optical coupling for either polarization. To this end, we use a three-dimensional finiteelement method and simulate the coupling of the photonic waveguide modes (dominant E x or dominant E y ) to the plasmonic photodetector. Figures 4(b) and 4(c) show cross sections of the normalized electric fields in the x-y plane at the input of the silicon core of width w 150 nm, directly at the interface between the core and the tapered mode converter, denoted as z 0 in Fig. 2(a) . The optical coupling efficiencies η v;h of the dominantly vertically or dominantly horizontally polarized fields are given by referring the power at the input of the silicon core (z 0) to the total power P 0 propagating in the photonic waveguide. These coupling efficiencies η v 0.57 and η h 0.50 are essentially similar for this detector width, and, hence, the influence of light absorption in the mode converter on the photocurrent polarization contrast can be neglected. However, the field distributions for both polarizations differ considerably. Figure 4(b) shows that the dominantly horizontally polarized photonic input field couples mainly to the Au-Si-Ti junction, and that the field is concentrated inside the silicon core between the two metals. In contrast to that, the dominantly vertically polarized photonic input field cannot couple to the Au-Si-Ti junction, as such a mode is not supported by the MSM plasmonic waveguide. However, the junction has a SiO 2 hard mask and a gold top cover, which are residuals from fabrication [see Figs. 2(c) and 2(d) ]. This layer sequence constitutes an MS interface that supports an SPP mode that couples well to the vertically polarized field of the photonic waveguide. This plasmonic mode confines the electric field to the SiO 2 hard mask.
The light absorption in the metals depends on the respective optical field overlap and the imaginary part of the permittivity. The local absorption is in proportion to Imϵ × jEj 2 . While the optical power concentrates on the side of the gold, the field penetration is so small (due to the high conductivity of gold) that absorption as compared to the absorption in titanium is negligible, even if the field strength at the titanium side is small. Fig. 4 . Polarization dependence of photocurrent and simulation of optical fields for PIPED #3 with w 150 nm. (a) Photocurrent I p as a function of angle Θ between the direction of the linear polarization at the fiber input and the slow axis of the PM fiber with forward bias (blue) and reverse bias (red). The surface normal of the photonic chip is aligned in parallel to the slow axis of the PM fiber. The angles Θ v 0°, 180°, 360°correspond to a dominant vertical electric field component E y , and Θ h 90°, 270°cor-respond to a dominant horizontal electric field component E x . The insets illustrate the respective electric fields in the photonic waveguide. (b) Electric field magnitude at the input of the silicon core, indicated by z 0 in Fig. 2(a) , after coupling from a photonic mode with a dominantly horizontal electric field component. The light is localized in the silicon core. (c) Electric field magnitude at the input of the silicon core (z 0) after coupling from a photonic mode with a dominantly vertical electric field component. Light is localized in the SiO 2 hard mask. Both field distributions deposit the optical power efficiently in the titanium; see Table 2 . Table 2 gives an overview of the absorbed power fraction inside the mode converter and inside the detector core for each input polarization. The absorption in the titanium is 8 times larger than in the gold for both polarizations, even for a relatively wide silicon layer width of w 150 nm. The vertically polarized plasmonic mode deposits even slightly more optical power in the titanium as compared to the horizontally polarized mode, for which the structure was designed. In this case, the absorption occurs mostly at the apex of the metallic side walls, where the potential barrier is thinnest and, hence, the photocurrent is largest.
From our measurements we infer that the PIPED sensitivity can be doubled by choosing the proper polarization. For our best sample, PIPED #1, we would hence expect an increase of sensitivity from 0.12 to 0.24 A/W. The currently employed mode converter consumes a significant fraction of the input power but cannot contribute significantly to the photocurrent due to the large separation of the metals compared to the detector core. If the photonic-to-plasmonic converter is redesigned for the specific polarization requirements and for a smaller absorption, even more power would reach the silicon core and hence be absorbed at the Si-Ti interface, such that the sensitivity could be further improved.
OPTO-ELECTRONIC BANDWIDTH AND DATA RECEPTION EXPERIMENTS
We experimentally quantify the electrical bandwidth of PIPEDs using a two-port vector network analyzer (VNA). The VNA stimulus is amplified and drives a LiNbO 3 Mach-Zehnder modulator, generating intensity-modulated optical signals up to 65 GHz. A calibrated photodetector (Anritsu MN4765 A) with a known opto-electronic transfer function is used as a reference. The output pads of the PIPED are contacted with standard RF probes (PicoProbe 40A-GS-100-P). The measured PIPED transfer function (including the RF probe characteristic) is normalized to the value at the lowest modulation frequency of 40 MHz and displayed as a relative sensitivity in Fig. 5(a) . Due to bandwidth limitations of modulator and amplifiers, the PIPED current exhibits strong noise for frequencies larger than 40 GHz. Nevertheless, the calibrated transfer function is flat throughout the measured range. Hence, we expect that the RF bandwidth of the device is significantly larger than 40 GHz. The transfer function exhibits dips at approximately 4, 7, and 30 GHz, which are attributed to imperfect connectors of the RF probes.
Investigated detector #4 is L 20 μm long and w 200 nm wide. All other devices have smaller dimensions and are expected to show even larger bandwidths. This is confirmed by additional measurements, where we observe comparably flat transfer functions for devices of various lengths and widths. This implies that the devices are neither transit-time limited nor RC limited.
We expect that the PIPED exhibits this large opto-electronic bandwidth for both input polarizations. The polarization with dominant vertical field alignment creates hot carriers preferentially at the apex of the titanium layer, where the drift distance of the photoelectrons is the shortest. The bandwidth should be slightly higher for this mode in comparison to the mode with horizontal field alignment. However, this has no significant impact on the investigated operating frequency range.
To demonstrate the viability of our photodetector as a receiver of optical data, we perform a data transmission experiment. We generate an OOK optical signal with a 40 Gbit/s pseudo-random bit sequence (PRBS) having a pattern length of 2 31 − 1. The signal is received with photodetector PIPED #2. We use an available RF amplifier with 50 Ω instead of a transimpedance amplifier, which would be employed in real-world applications. Figure 5(b) shows the eye diagram at 40 Gbit/s. We use an optical input power of P 1.6 mW and a bias voltage of U 1 V at which the dark current is not too large in comparison to the photocurrent so that the electrical signal-to-noise power ratio remains sufficiently large. The DC part has been subtracted. We measure a quality factor of Q 4.1, corresponding to a bit error ratio [31] (BER) of 2 × 10 −5 . This BER is well below the threshold for a standard second-generation forward-error correction [32] with 7% overhead.
CONCLUSION
In summary, we demonstrate a high-speed and high-sensitivity internal photoemission plasmonic photodetector (PIPED) with a sensitivity exceeding 0.12 A/W at 1550 nm. By changing the state of polarization, the sensitivity can be doubled. We succeeded in data reception of bit rates up to 40 Gbit/s using a PIPED receiver with a core footprint of 5 μm × 155 nm, and with a total footprint of less than 1 μm 2 . Our experimental findings represent record results for plasmonic photodetectors based on IPE. We believe that compact IPE-based detectors have the potential to overcome the existing speed limitations of presently available photodetectors. As such, they could become key components of future high-speed optical transmission systems. See Supplement 1 for supporting content.
